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ABSTRACT
Large uncertainty still remains in determining whether a tropical cloud cluster will develop into a tropical
cyclone. During The Observing System Research and Predictability Experiment (THORPEX) Pacific Asian
Regional Campaign (T-PARC)/Tropical Cyclone Structure-2008 (TCS-08) field experiment, over 50 tropical
cloud clusters were monitored for development, but only 4 developed into a tropical cyclone. One non-
developing tropical disturbance (TCS025) was closely observed for potential formation during five aircraft
research missions, which provided an unprecedented set of observations pertaining to the large-scale and
convective environments of a nondeveloping system.
The TCS025 disturbance was comprised of episodic convection that occurred in relation to the diurnal cycle
along the eastern extent of a broad low-level trough. The upper-level environment was dominated by two
cyclonic cells in the tropical upper-tropospheric trough (TUTT) north of the low-level trough in which the
TCS025 circulation was embedded. An in-depth examination of in situ observations revealed that the non-
developing circulation was asymmetric and vertically misaligned, which led to larger system-relative flow on
the mesoscale. Persistent environmental vertical wind shear and horizontal shearing deformation near the
circulation kept the system from becoming better organized and appears to have allowed low equivalent
potential temperature (ue) air originating from one of the TUTT cells to the north (upshear) to impact the
thermodynamic environment of TCS025. This in turn weakened subsequent convection that might otherwise
have improved alignment and contributed to the transition of TCS025 to a tropical cyclone.
1. Introduction
Only a small fraction of all tropical disturbances that
occur over tropical ocean basins develop into tropical cy-
clones (Gray 1982; Lee 1989; Simpson et al. 1997; Fu et al.
2012). Gray (1998, 37–38) commented that to adequately
understand the process of tropical cyclogenesis we must
‘‘thoroughly document the physical differences between
those systems which develop into tropical cyclones from
those prominent tropical disturbances which have a fa-
vorable climatological and synoptic environment, look
very much like they will develop but still do not.’’
Radiosonde composites of developing and non-
developing tropical systems in the western North Pacific
and North Atlantic were constructed byMcBride (1981)
and McBride and Zehr (1981). The most notable char-
acteristics differentiating the developing composites
were (i) larger low-level relative vorticity, (ii) areas of
nearly zero vertical wind shear centered on the de-
veloping systems, and (iii) a vertical wind shear struc-
ture in the surrounding environment indicative of an
anticyclone aloft.
Analyses of more recent observations have led to
several hypotheses regarding tropical storm formation.
Raymond and Sessions (2007), Raymond et al. (2011),
and Gjorgjievska and Raymond (2014) have suggested
that a vertical mass flux maximum in the low levels, or a
‘‘bottom-heavy’’ mass flux profile, is most conducive for
storm formation through the horizontal flux conver-
gence of low-level vorticity (i.e., low-level spinup), and
that a stabilization of the thermodynamic profile results
in lowering the level of maximum vertical mass flux.
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Davis and Ahijevych (2012, 2013) found evidence of
this stabilization from dropwindsonde data collected
during the Pre-Depression Investigation of Cloud-
systems in the Tropics (PREDICT) field experiment
(Montgomery et al. 2012), as low-level cooling occurred
prior to storm formation for two developing systems.
However, a similar study of PREDICT cases by Smith
and Montgomery (2012) concluded that there was slight
warming in the lower troposphere for both developing
disturbances and the nondeveloping disturbance (Gas-
ton) examined. Davis and Ahijevych (2012) suggested
the low-level warming found by Smith andMontgomery
(2012) could be due to the inclusion of dropwindsondes
outside of the central convective region, which would act
to obscure a lower-tropospheric cooling signal if present.
Raymond and López Carrillo (2011) and Lussier et al.
(2014) utilized high-resolution airborne Doppler radar
and aircraft data to note that the level of maximum
vertical mass flux lowered during the development of
Typhoon (TY) Nuri (2008), however the low-level mass
flux calculated by Lussier et al. (2014) was stronger than
that found by Raymond and López Carrillo (2011) ear-
lier in the genesis process.
Differences in dropwindsonde moisture profiles for
developing and nondeveloping systems during PREDICT
were also examined. Komaromi (2013) found that
nondeveloping systems were on average 10%–20%
drier between 500 and 700hPa than the mean, but were
actually moister in the low levels. Komaromi (2013)
suggested that midlevel dry air may have a larger neg-
ative impact on storm formation (through convective
entrainment) compared to dry air in the low levels.
Davis and Ahijevych (2012) found that the midtropo-
spheric moist static energy increased over time for the
developing systems analyzed, while the nondeveloping
system (Gaston) exhibited a decrease in moist static
energy and an increase in downdraft convective available
potential energy (DCAPE). Smith and Montgomery
(2012) also found that the mid- and upper troposphere
became progressively drier forGaston and suggested that
the midlevel dry air observed in nondeveloping systems
might act to dilute updraft intensity and limit the ampli-
fication of lower-tropospheric vorticity by vortex
stretching (Bell and Montgomery 2010).
In addition to the thermodynamic and moisture con-
siderations, the mesoscale structure and vertical align-
ment of developing–nondeveloping circulations have
also been an area of recent focus. Davis and Ahijevych
(2012) concluded that the vertical misalignment of the
vortex led to stronger system-relative flow for Gaston,
which made the incipient disturbance more susceptible
to dry air in the surrounding environment. Davis and
Ahijevych (2012) suggested that continual deep
convection might lead to vortex realignment by initiat-
ing new lower-tropospheric circulations below the
midtropospheric circulation.
Raymond and López Carrillo (2011) found that ver-
tically overlapping closed circulations in the boundary
layer and at 5-km elevation provided a deep region of
protection from negative environmental influences
during the formation of TY Nuri. Montgomery et al.
(2010) suggested that despite the detrimental influences
of strong vertical wind shear and dry air during the early
stages of TY Nuri, the presence of a quasi-closed cir-
culation in the system-relative frame (wave pouch)
characterized by recirculating flow (Dunkerton et al.
2009) protected the incipient vortex until it could reach a
more favorable environment. They further hypothe-
sized that an increase in the depth of the wave pouch is
favorable for storm formation and may have occurred
prior to the formation of TY Nuri. Lussier et al. (2014)
provided further evidence for the importance of the
wave pouch and its improved vertical alignment over
time that supported the mesoscale spinup at low and
midlevels in TY Nuri. Similarly, Tory et al. (2013) ana-
lyzed several cases of tropical storm formation in the
northern Australian region and found that the vertical
alignment of regions of recirculating, low-deformation
flow in the low and midlevels was important for further
development.
During the combined The Observing System Re-
search and Predictability Experiment (THORPEX)
Pacific Asian Regional Campaign (T-PARC)/Tropical
Cyclone Structure-2008 (TCS-08) field program in the
western North Pacific (Elsberry and Harr 2008), ap-
proximately 50 tropical cloud clusters were identified in
satellite imagery as potential precursors to tropical cy-
clone formation. Of these, only 12 reached or exceeded
tropical depression (TD) status. One of these non-
developing systems, referred to as TCS025, was closely
monitored from 24 August to 3 September 2008 since
global models consistently predicted intensification (not
shown). However, development failed to occur. In this
study, observations collected during TCS025 (Fig. 1) are
examined within the context of recent tropical cyclo-
genesis theories to evaluate thermodynamic and dy-
namic factors associated with its nondevelopment. Since
there often exists a great amount of uncertainty with
respect to the likelihood of formation (as was the case of
TCS025), an in-depth analysis of a ‘‘null case’’ is argu-
ably just as important as documenting storm formation.
Based on an observational analysis, it will be shown
that TCS025 was under the influence of northerly ver-
tical wind shear and within an environment charac-
terized by large horizontal shearing deformation.
The circulation structure of TCS025 was vertically
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misaligned such that system-relative flow (low- to mid-
tropospheric vertical wind shear) was larger compared
to a vertically aligned circulation. These factors com-
bined to limit organization, which allowedmidlevel low-
equivalent potential temperature (ue) air to impact the
inner-core thermodynamic environment. This in turn
weakened convection and hindered further de-
velopment. An outline for the remainder of this paper is
as follows: the data and methodology for this study are
presented in section 2, section 3 details the synoptic and
convective evolution of TCS025, a mesoscale analysis of
the aircraft-based in situ observations is contained in
section 4, and a discussion of the findings and conclu-
sions are presented in section 5.
2. Data and methodology
Aircraft missions during TCS025 were conducted by
the U.S. Air Force (USAF) 53rd Weather Re-
connaissance Squadron (Hurricane Hunters) WC-130J
and the Naval Research Laboratory (NRL) P-3 over
three intensive observing periods (IOPs) (Fig. 1). Both
aircraft collected flight-level data and the WC-130J re-
trieved surface wind speeds and rain rates underneath
the flight track using the onboard Stepped Frequency
Microwave Radiometer (SFMR; Uhlhorn et al. 2007).
In total, 143 GPS dropwindsondes (Hock and
Franklin 1999) were deployed during the five aircraft
missions into TCS025 and the surrounding environment
(Fig. 1). Dropwindsondes were deployed from about a
10-km altitude during the three WC-130J missions.
Since the P-3 was tasked to investigate convective fea-
tures, its flight tracks were far more irregular so drop-
windsondes were deployed with variable spacing and
generally from below 3km. All dropwindsonde data
were quality controlled by the Earth Observing Labo-
ratory (EOL) at the National Center for Atmospheric
Research (NCAR; Young et al. 2009a,b).
Dropwindsonde data were also used to analyze the
vertical alignment of the storm-relative circulation
based on the method used by Davis and Ahijevych
(2012). To correct for sampling bias, Davis and
Ahijevych (2012) first averaged the observations by
storm quadrant. However, because of the relatively
weak and highly asymmetric wind structure of TCS025,
this procedure did not yield consistent results so all
dropwindsonde data were used in this study.
The Electra Doppler Radar (ELDORA; Hildebrand
et al. 1996; Wakimoto et al. 1996), which was mounted
on the tail of the P-3 during T-PARC/TCS-08 (Lee et al.
2009), allowed for an examination of the precipitation
and circulation structure of the nondeveloping TCS025
system over two consecutive days. Radial velocity data
were corrected for aircraft motion by using the method
described in Testud et al. (1995). The reflectivity and
radial velocity fields underwent an additional quality
control step to remove radar artifacts, noise, ground
clutter, etc., using an automated procedure described by
Bell et al. (2013).
In addition to the observations collected during the
IOPs, digital Multifunctional Transport Satellite
(MTSAT) IR brightness temperatures at 0.058-spatial
and 30-min-temporal resolutions were azimuthally and
radially averaged in cylindrical coordinates based on
manually determined center positions for TCS025. The
cloud-top temperatures were used to infer the average
convective characteristics of the TCS025 environment.
The MTSAT IR brightness temperatures were also in-
terpolated to the time and location of the dropwind-
sondes to construct average dropwindsonde vertical
profiles based on IR brightness temperature values.
The European Centre for Medium-Range Weather
Forecasts (ECMWF) Year of Tropical Convection
(YOTC; Waliser et al. 2012) gridded analysis with
;0.258 horizontal resolution at 6-h intervals was used to
analyze the synoptic background and evolution of
TCS025. Earth-relative circulation center positions were
identified from an examination of 850-hPa ECMWF
analysis streamlines for the time period encompassing
aircraft observations. When a closed circulation was not
FIG. 1. Approximate on-station (data collection) times for TCS025 aircraft missions: 0125W–
0525W. The numbers in parentheses correspond to the number of dropwindsondes deployed
during each mission.
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present, wind speed minima that provided the best
continuity with previous and future center positions
were chosen. Later in the evolution of TCS025, the
earth-relative low-level circulation became disorga-
nized and displaced a considerable distance from the
main area of low-level cyclonic relative vorticity (see
Fig. 2a). The 850-hPa vorticity maxima feature that
was collocated with the circulation center during IOP-2
was also tracked in time based on the ECMWF
analysis (see Fig. 2a). Since convection remained closer
to the area of increased low-level vorticity, the vorticity
maxima positions were used to examine the temporal
evolution of vertical wind shear and IR brightness
temperature.
FIG. 2. (a) Tracks of MCSs during TCS025 with open (closed) circles indicating the formation (dissi-
pation) locations. The solid and dashed black lines mark the 850-hPa earth-relative circulation center and
vorticity maximum tracks, respectively, which are based on an ECMWF analysis (see text for details) and
are labeled at 0000 UTC positions (black circles). (b) The time series of the approximate duration for
each MCS.
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The ECMWF analysis was also used to calculate the
deep-layer (200–850hPa) and lower-tropospheric (500–
850hPa) environmental vertical wind shear by employ-
ing the method of Davis et al. (2008). The irrotational
and nondivergent components of the vertical wind shear
associated with the disturbance were removed from the
total vertical wind shear out to a radius of 450km, and
vertical wind shear was defined as the difference be-
tween the resultant wind vectors at the center position.
Since the TCS025 circulation remained relatively shal-
low and there were periods when it was not well defined,
the distinction between TCS025 and the surrounding
environment was not always clear. This may have im-
pacted the environmental vertical wind shear calcula-
tions during these periods.
To achieve as accurate an assessment of the true
atmospheric state as possible, data collected during
the IOPs were combined with the ECMWF analysis
using the Spline Analysis at Mesoscale Utilizing Ra-
dar and Aircraft Instrumentation (SAMURAI) anal-
ysis technique (Bell et al. 2012; Foerster et al. 2014),
which provides a maximum likelihood estimate of the
atmospheric conditions through the minimization of a
variational cost function. Although dropwindsonde
data were available for assimilation into the ECMWF
YOTC analysis fields, the flight-level and ELDORA
dual-Doppler radar data were not. SAMURAI anal-
yses for IOP-2 and IOP-3 were conducted in the storm-
relative frame using two Cartesian analysis domains
that (i) encompassed all observations (5-km horizon-
tal and 100-m vertical grid spacing), and (ii) encom-
passed only the ELDORA domain (2-km horizontal
and 100-m vertical grid spacing). Because of the large
disparity between the typical spacing of ELDORA
radial velocity observations and the WC-130J drop-
windsondes, the use of the ECMWF background field
allowed for a 5-km analysis without the need for ex-
cessive smoothing. Furthermore, comparisons with
additional analyses conducted without the use of a
background field (not shown), revealed minimal dif-
ferences in the representation of the circulation
structure. Additional specifications for the SAMURAI
analyses used in this study are given in Table 1 and in
Penny (2013, 46–47).
3. System evolution
The TCS025 disturbance formed on the eastern pe-
riphery of a low-level trough over the subtropical
western North Pacific, and initially followed a track to-
ward the southeast before turning toward the north-
northwest (Fig. 2a). Convection associated with TCS025
was episodic and marked by development and decay of
numerous mesoscale convective systems (MCS) that
occurred in the general region (Fig. 2) where TCS025
would later develop. Convective features associated
with TCS025 that could be loosely classified as MCSs
were identified and tracked throughout its evolution.
Convection organized into a broad MCS (MCS-A)
centered near 228N, 1528E that reached peak intensity
measured by IR brightness temperature by 1130
UTC 25 August (Figs. 2 and 8). This MCS moved
quickly to the southeast, and by 0000 UTC 26 August
only weak and relatively disorganized convection re-
mained. Deep convection continued to develop and
decay, and at 0645UTC 26August,MCS-D formed near
208N, 1508E, which remained the primary area of con-
vection through the time of the first aircraft operation
(Fig. 1).
At 0000 UTC 27 August (Fig. 3), the low-level trough
extended from the northwest to southeast and consisted
of three circulations (Fig. 3c). Two tropical upper-
tropospheric trough (TUTT) cells (Fig. 3b) were in
close proximity to the low-level trough. At this time, the
200–850-hPa environmental vertical wind shear was
northerly at 15 kt (1 kt 5 0.5144ms21) (Fig. 7). Upper-
level diffluence between the TUTT cells to the north
coincided with the area of deep convection associated
withMCS-D (Fig. 3a) that was near the central low-level
circulation (L2) at 228N, 1508E (Fig. 3c). During the
ensuing hours, MCS-D fluctuated in intensity and
structure and moved southward (Fig. 2a), presumably
due to the northerly flow aloft between the two TUTT
cells (Fig. 3b). There was limited convection along the
eastern periphery of the low-level trough close to the
low-level circulationL3 (Fig. 3a).At 0845UTC27August,
MCS-D dissipated (see Fig. 2).
Over the next 24 h (Fig. 4), the low-level circulation
L3 weakened and became absorbed by L2 to the west
TABLE 1. Configurations used for the 5- and 2-km (horizontal grid spacing) SAMURAI analyses. Listed are the background error
standard deviation values for temperature (T), water vapor mixing ratio (qy), dry-air density (ra), and moist-air-density-weighted wind
components (ru, ry, and rw). The Gaussian recursive filter lengths correspond to grid points in the horizontal (i, j) and vertical (k)
directions.
Vertical grid spacing (m) T (K) qy (g kg
21) ra (kgm
23) ru, ry (kgm22 s21) rw (kgm22 s21) i, j filter K filter
5 km 100 3 3 3 10 1 8 2
2 km 100 3 3 3 15 10 6 2
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FIG. 3. (a) MTSAT IR brightness temperature (8C) at 2345 UTC 26 Aug. (b),(c) Horizontal
wind vectors (m s21, colored scale on right) and geopotential heights (m, black contours) at 200
and 850 hPa from ECMWF analysis valid at 0000 UTC 27 Aug, respectively. The location of
MCS-D is annotated in (a) and the red line and red circles in (b) and (c) correspond to the flight
track and dropwindsonde deployment locations for WC-130J flight 0125W. Low-level circu-
lations are labeled L1, L2, and L3 in (a) and (c), and G marks the location of Guam.
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FIG. 4. As in Fig. 3, but MTSAT IR brightness temperature valid at 2345 UTC 27 Aug and
ECMWF analysis valid at 0000 UTC 28 Aug. MCS-G is annotated in (a) and flight track and
dropwindsonde deployment locations for WC-130J flight 0325W are shown in (b) and (c) with
blue line and circles corresponding locations for P-3 flight 0225W. The south–north vertical
cross section shown in Fig. 14 is marked by a black line in (b) and (c).
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(cf. Figs. 3c and 4c). At this time, the eastern edge of the
low-level trough near 1558E was marked by strong
confluence and southerly low-level winds as L2 in-
tensified (Fig. 4c). Convection (Fig. 4a) remained rela-
tively disorganized and weak until after 1200 UTC
27 August when the easternmost TUTT cell moved
north-northeast of L2 (Figs. 4b,c). At 1045 UTC 27
August, MCS-G formed near 208N, 1508E, which was
close to the location where MCS-D had developed the
day before (Fig. 2). Similar to MCS-D, MCS-G moved
southward before dissipating by 1145 UTC 28 August
(Fig. 2). The MCS-G and its surrounding environment
were the primary foci of IOP-2. The environmental
vertical wind shear magnitude was beginning to decline
at this time and reached a minimum of about 5 kt at
1200 UTC 28 August (see Fig. 7).
After the dissipation of MCS-G, convection remained
disorganized and weak until about 1800 UTC 28 August
when MCS-H formed near 188N, 1548E (Fig. 2), which
was in confluent flow east of L2. By 0000UTC 29August
(Fig. 5), the eastern TUTT cell weakened considerably
(Fig. 5b) and was well northwest of L2 (Fig. 5c) and an
upper-level anticyclone was building above L2. Despite
the development of an anticyclone aloft, the environ-
mental vertical wind shear began to increase (see Fig. 7)
due to the strengthening of the southerly flow along the
eastern side of the low-level circulation. An area of deep
convection (Fig. 5a) was also present near a region of
upper-level diffluence east of the TUTT cell and ex-
tended farther east to the upper-level ridge (MCS-I and
MCS-J in Fig. 2). As TCS025 began to move northward
following 1200 UTC 28 August, the earth-relative
circulation center and vorticity maxima positions be-
gan to separate considerably (see Fig. 2a), and the
majority of the convection remained near the vorticity
maxima position, east of the low-level earth-relative
circulation center.
By 0000 UTC 30 August (Fig. 6), the low-level circu-
lation of TCS025 was no longer closed in both the
ground- and storm-relative frames and moved rapidly
northwestward as a low-level ridge strengthened to the
south and east of TCS025 (Fig. 6c). Strong confluent
southwesterly flow coincided with an area of increased
convective activity to the south-southeast of the L2 cir-
culation. A cyclonically banded cloud structure (Fig. 6a)
became evident in MTSAT brightness temperature
and a broad anticyclone existed aloft (Fig. 6b).
Northerly 200–850-hPa vertical wind shear (Fig. 7a)
continued to increase in magnitude on 30 August as a
result of the rapid northward translation of the system
and the impinging upper-level flow of another TUTT
cell approaching from the east (not shown). By
1200 UTC 30 August, convection that defined TCS025
became disorganized and weak, and following 1800 UTC
30 August the cloud structure of TCS025 began to
dissipate (not shown). Between 31 August and 1
September, the remnants of TCS025 underwent some
extratropical development upon encountering a weak
baroclinic zone to the north (Davis et al. 2013).
Since the Raymond et al. (2011) study concluded that
horizontal shear was an important factor in the non-
development of TCS025, the evolution of the average
normalized Okubo–Weiss (N ) parameter (Raymond
et al. 2011) was examined (Fig. 7b). The N parameter
allows for an assessment of the relative importance of
the rotational and deformational components of the
horizontal flow. Values of N range from 21 to 11.
Positive values indicate a larger rotational component of
the flow and negative values indicate that horizontal
shear is large, which may prevent the consolidation of
vorticity and indicate the circulation of an incipient
disturbance is less protected from the detrimental ef-
fects of dry air in the surrounding environment
(Raymond et al. 2011; Tory et al. 2013). The evolution of
average N (Fig. 7b) indicates that the TCS025
environment was dominated by large horizontal de-
formation throughout its evolution. As the vertical
wind shear magnitude decreased (Fig. 7a) following
IOP-2, N began to trend positive in the low levels,
perhaps indicating that the system was experiencing
some organization. However, the increase in N was
brief and did not extend up to 500 hPa, which indicates
that the protective region of the pouch was quite shallow
(Montgomery et al. 2010).
The convective intensity of the identified MCSs, de-
fined as the brightness temperature area ,2658C nor-
malized by the brightness temperature area ,2358C,
varied systematically with the diurnal cycle (Fig. 8).
Convective intensity was highest around 1800 UTC
daily, which approximately corresponds to the early
morning oceanic convective maximum time (Yang and
Smith 2006; Park et al. 2011). The minimum in convec-
tive intensity occurred shortly after 0000 UTC, which
also corresponded to the time that the majority of
aircraft observations of TCS025 were collected (see
Fig. 1).
To examine the average convective characteristics
throughout the evolution of TCS025, the IR brightness
temperatures were radially averaged (Fig. 9) relative to
the 850-hPa vorticity maxima positions. During the pe-
riod when the vorticity maxima were collocated with the
low-level circulation center, the majority of convection
formed south of the center position, which was in the
downshear direction (Fig. 7a). Convection downshear of
the low-level center is consistent with previous studies
that examined the tropical cyclone convective response
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FIG. 5. As in Fig. 3, but MTSAT IR brightness temperature valid at 2345 UTC 28 Aug and
ECMWF analysis valid at 0000 UTC 29 Aug. The red and blue tracks with dropwindsonde
locations correspond to WC-130J flight 0525W and P-3 flight 0425W, respectively.
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to vertical wind shear (Jones 1995; Frank and Ritchie
1999). AlthoughMCS-like features that formed near the
convective maximum time (short dashed lines in Fig. 9)
were present at the time of each IOP, the radially av-
eraged IR brightness temperature indicates that con-
vection was not as concentrated nor intense leading up
to IOP-3. In addition, the convective area remained
small until well after 0000 UTC 29 August, which was
later than the previous two days.
4. Mesoscale analysis of in situ observations
To examine the mesoscale structure of the TCS025
disturbance, the in situ observations were examined and
SAMURAI analyses were conducted for each IOP
(Fig. 1) using dropwindsonde data, flight-level data,
ELDORA dual-Doppler radar data (when available),
and the ECMWF YOTC analysis fields. Since the sam-
pling coverage relative to the circulation center was
superior during IOP-2, data collected during this IOP
will receive the majority of attention in the analysis.
a. IOP-1 (1930 UTC 26 August–0257 UTC
27 August)
During IOP-1 centered at 0000 UTC 27 August, the
WC-130J conducted a ‘‘lawnmower’’ flight pattern
(Fig. 10) and deployed dropwindsondes to sample the
environment of MCS-D (Fig. 3) that was beginning to
decay while propagating southward. Although earth-
relative circulation center positions were determined
as a function of height from dropwindsonde data, un-
certainties in the center positions were too large to
evaluate the vertical alignment of the circulation due to
incomplete sampling of the circulation. That said, the
dropwindsonde center-finding method suggested two
low-level circulations (not shown) that agreed relatively
well with the ECMWF analysis (Fig. 3): the center
providing the maximum average tangential wind near
the surface corresponded to circulation L2, whereas in
the midlevels it was closer to the location of L3.
b. IOP-2 (2103 UTC 27 August–0520 UTC
28 August)
At the time of IOP-2, the low-level circulation was
beginning a turn toward the northeast (Fig. 2a). Because
the first WC-130J aircraft mission had identified a cir-
culation center, the second mission was flown as a
‘‘square spiral’’ centered on the estimated circulation
center (Fig. 11). Similar to the previous day, a largeMCS
(MCS-G) was present south of the circulation center
(Fig. 11).
An examination of the dropwindsonde winds from
IOP-2 reveals that the circulation of TCS025 was highly
asymmetric (Fig. 12). The strongest low-level winds
were westerly and southwesterly in the south and
southeast portions of the WC-130J flight domain. Over
the western portion of the domain, the low-level cir-
culation was relatively weak. The strongest midlevel
winds were northerly and northwesterly on the western
side of the midlevel circulation near 18.58N, 1518E
(Fig. 12).
Dropwindsonde coverage (Figs. 11 and 12) relative to
the circulation center was much more evenly distributed
than during IOP-1 or IOP-3. The dropwindsonde-based
center analysis in the storm-relative frame reveals that
the circulation centers were poorly aligned in the verti-
cal. The low-level circulation tilted toward the east with
height, while above 2 km the circulation tilted toward
the southeast (Fig. 12).
FIG. 6. As in Fig. 3, but MTSAT IR brightness temperature valid
at 2345 UTC 29 Aug and ECMWF analysis valid at 0000 UTC
30 Aug.
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Storm-relative circulation center positions were also
identified as a function of height using streamlines
from the SAMURAI analysis (Fig. 12), which included
ELDORA Doppler radar data. The SAMURAI anal-
ysis revealed a fractured circulation structure in the
vertical; the low-level circulation was located near
19.58N, 152.58E and only extended to 2-km height, and
the circulation centers between 2.5- and 6-km height
were a considerable distance south-southwest of the
low-level circulation.
The differences in center positions between the
dropwindsonde method and the SAMURAI analysis
(Fig. 12) may be partly a result of not correcting for the
sampling bias in dropwindsonde coverage (see section
2). However, additional tests revealed little difference in
the dropwindsonde-derived center positions when P-3
dropwindsondes were excluded from the calculation
(not shown), suggesting the impact from sampling bias
was minimal for this case. Instead, contrasts in hori-
zontal resolution may have contributed to the differ-
ences in circulation center positions. Whereas
dropwindsondes were generally deployed with 100-km
spacing, the SAMURAI analysis had 5-km grid spacing.
Thus, the scales of motion sampled by the dropwind-
sondes were most likely larger than that resolved by the
SAMURAI analysis, especially over the area impacted
by the ELDORA radar winds. Nevertheless, both
sources identify a low-level center that is displaced north
of a midlevel center.
The SAMURAI analysis for IOP-2 also reveals an
asymmetric vortex structure in the low and midlevels
(Fig. 13). The circulation in the midtroposphere was
stronger than the low-level circulation, which is in-
dicative of a cold-core circulation. At this time, the
midlevel circulation center (red dot in Fig. 13) was po-
sitioned ;110 km to the south-southwest of the low-
level circulation center (black dot in Fig. 13). Low- to
midtropospheric vertical wind shear resulted from the
relative locations of the mid- and low-level circulations;
northeasterly flow near 198N, 151.28E in the northwest
quadrant of the midlevel circulation (Fig. 13a) was po-
sitioned nearly above the center of the low-level
circulation.
The potential impact of the vertical misalignment was
examined by comparing the average mesoscale vertical
wind shear (system-relative flow) in the storm-relative
FIG. 7. (a) Deep-layer (200–850 hPa, green, kt) and low- to midlevel (500–850 hPa, purple,
kt) environmental vertical wind shear and direction (wind barbs, 1 full barb5 10 kt) computed
using the ECMWF analysis (see text for details). Also shown are wind barbs for the pseudo-
aligned (blue barb, 5.4 kt) andmisaligned (red barb, 9.3 kt)mesoscale system-relative flow from
the 0000 UTC 28 Aug SAMURAI analysis (see text for details). (b) Time series of the box-
average (638 from vorticity maxima locations) normalized Okubo–Weiss parameter from the
ECMWF analysis at pressure levels shown in inset.
JULY 2015 P ENNY ET AL . 2469
SAMURAI analysis between 5- and 1.5-km height
(Fig. 13) with an identical pseudo-aligned circulation
(i.e., as if the mid- and low-level circulations were ver-
tically aligned). The system-relative flow for the mis-
aligned circulation was computed as the difference
between the 5- and 1.5-km box average wind vectors
centered over the 1.5-km circulation (dashed black box
vs solid black box in Fig. 13), whereas the pseudo-
aligned system-relative flow was defined as the differ-
ence between the 5- and 1.5-km box average wind
vectors centered on their respective circulation centers
(solid red box vs solid black box in Fig. 13). The system-
relative flow for the misaligned circulation was 9.3 kt
from the northeast (see Fig. 7a), whereas the system-
relative flow for the pseudo-aligned circulation was only
5.4 kt from the north-northwest. This indicates that the
misalignment of the circulation resulted in a larger
system-relative flow then if the circulation had been
vertically aligned. The environmental 500–850-hPa
vertical wind shear was very similar in magnitude and
direction to the pseudo-aligned case during this time
(Fig. 7a), which illustrates that the low-level vertical
wind shear experienced locally by the system (on the
mesoscale) due to misalignment can be considerably
different from the computed environmental vertical
wind shear.
To analyze the impact of including the ELDORA
radial velocity observations in the SAMURAI analysis,
south to north vertical cross sections through the mid-
and low-level circulation centers of the ECMWF
FIG. 8. Ratio expressed as a percentage of area with MTSAT IR brightness temperatures , 2658C to that
, 2358C for MCSs that developed within the environment of TCS025. Dashed vertical black lines indicate the
approximate time of the expected early morning convective maximum.
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analysis background field (Fig. 14a) and the SAMURAI
analysis (Fig. 14b) were compared. The ECMWF
analysis (Fig. 14a) possessed a much stronger low-
level circulation that tilted southward into the mid-
troposphere. In contrast, the SAMURAI analysis
(Fig. 14b) depicted a strong midlevel circulation near
6-km height that was almost entirely separate from a
shallow and much weaker low-level circulation to the
north. The low-level wind field of the SAMURAI
analysis more closely resembled the broad trough
observed the day before (see Fig. 3c) rather than the
well-defined low-level circulation of the ECMWF
analysis. The low-level circulation in the SAMURAI
analysis was outside the range of the ELDORA
Doppler radar (black lines below the abscissa in
Fig. 14b), so the vorticity magnitude was primarily
determined by the dropsondes in that region. The lack
of radar data results in a higher uncertainty in the
vorticity magnitude, but the analysis suggests that
the low-level circulation is weaker than that in the
ECMWF analysis.
The divergence profile near the low-level vorticity
feature in the SAMURAI analysis (Fig. 14b) appears to
be a result of Ekman pumping, with frictionally induced
convergence within the boundary layer and divergence
immediately above the boundary layer. Midlevel con-
vergence was collocated with the midlevel vorticity
feature to the south, typical of a mesoscale convective
vortex (MCV; Raymond and Jiang 1990; Bartels and
Maddox 1991; Houze 2004). In addition, there was a
positive temperature anomaly in the SAMURAI anal-
ysis above 6.5-km height over a negative low-level
temperature anomaly (not shown), which is also char-
acteristic of the thermal structure of a balancedmidlevel
vortex (Chen and Frank 1993). Winds in the plane of the
cross section were northerly with some positive vertical
motion extending from an area of midtropospheric low-
ue air associated with the TUTT toward the midlevel
vorticity feature, and low-level southerlies were present
south of the midlevel vorticity feature.
Based on the SAMURAI (ELDORA) divergence
profile (Fig. 14b) and the ELDORA reflectivity pattern
FIG. 9. Radially averaged (08–38) half-hourly MTSAT IR brightness temperatures (8C, shading) rela-
tive to the ECMWF 850-hPa vorticity maximum positions of TCS025. Colored bands along the ordinate
represent WC-130J and P-3 aircraft missions flown into TCS025 with brown, blue, and orange corre-
sponding to the WC-130J missions and red and green corresponding to the P-3 missions. Abscissa axis
labels correspond to directions along the azimuth. Short dashed horizontal lines mark the approximate
time of diurnal convective maximum (1800 UTC) and long dashed horizontal line denotes the ending
time of the 0225WP-3 mission. The brightness temperature features associated withMCS-D andMCS-G
are annotated.
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at 5-km height (Fig. 15), the region surrounding the
midlevel circulation had large areas of stratiform pre-
cipitation during IOP-2. Stratiform precipitation pro-
cesses likely contributed to the strengthening and
maintenance of the midlevel vortex at the expense of
low-level spinup. As argued by Tory et al. (2006), the
divergence profile associated with stratiform pre-
cipitation (low-level divergence and midlevel conver-
gence) would be detrimental to the spinup of the
low-level circulation.
A south–north vertical cross section of ue constructed
from dropwindsonde data (Fig. 16) west of the midlevel
circulation center during IOP-2 (and west of the cross
section in Fig. 14) reveals lower values of ue near the
surface in the dropwindsonde profiles deployed at 0338,
0046, 0324, and 0231 UTC (Fig. 16). As indicated in
Fig. 11, the WC-130J was passing through the southern
region of MCS-G at the time of the 0046 UTC drop-
windsonde. The SFMR rain rates (Fig. 17, blue line)
corresponding to the time of the 0046 UTC dropwind-
sonde confirm the presence of precipitation, and
MTSAT IR brightness temperature, which was in-
terpolated spatially and temporally to the WC-130J
flight track (Fig. 17, red line), reveals low cloud-top
temperatures indicative of a convective environment.
Therefore, these regions of low-level low-ue air are in-
terpreted as resulting from convective downdrafts.
Above the near-surface cold pool in the 0046 UTC
profile (Fig. 16), a plume of increased ue relative to the
background environment extended into the upper
levels, which is an indication of deep moist convection.
By contrast, an extensive region of low-ue air in the
midtroposphere north of the convective region (up-
shear) is also evident in Fig. 16, which was relatively
cold, dry air associated with the TUTT cell to the north
(near 248N, 1548E in Fig. 4b).
c. IOP-3 (2234 UTC 28 August–0510 UTC
29 August)
At the time of IOP-3, the translation of the low-level
circulation had increased significantly toward the north-
northwest (see Fig. 2a) and the wind structure was highly
asymmetric due to the increasing low-level pressure
gradient along the eastern side of the circulation
(Fig. 5c). The third IOP was designed based on the
broad cyclonically banded convective structure of MCS-
H, which was almost entirely south of the circulation
center in both the storm- and earth-relative frames
(Fig. 18). This resulted in observations being south-
southeastward of the circulation center. Because the P-3
flight track was designed to circumnavigate the distur-
bance, the ELDORA radar coverage was limited to a
narrow swath around the periphery of the disturbance,
which did not allow for a detailed analysis of the con-
vective structure or the winds near the circulation center
to the north.
Despite these data coverage limitations, the SAMURAI
analysis in the ground-relative frame (not shown) and
FIG. 10. MTSAT IR brightness temperature (8C, shading) valid at 2345 UTC 26 Aug. The WC-130J flight track (black line) and
dropwindsonde deployment locations (white circles) are shown with wind barbs corresponding to 1500m height (1 full barb 5 10 kt) for
IOP-1 (0125W).
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the 1.5-km dropwindsonde winds in Fig. 18a indicated
strong southerlies along the east side of the low-level
circulation with almost no northerly return flow on the
western side of the circulation due to the rapid trans-
lation speed of the system. A diagnosis of the circula-
tion structure from the storm-relative SAMURAI
analysis (Fig. 18b) indicated that the low-level circu-
lation on the northern periphery of the flight domain
was elongated and shallow, as it only extended from the
surface to 2-km height. Furthermore, the midlevel
circulation was displaced to the south (not shown),
which was similar to the vertical structure observed
during IOP-2.
d. Thermodynamic evolution
For each of the three WC-130J flights, MTSAT IR
brightness temperatures were interpolated to the loca-
tion and time of each dropwindsonde. Average vertical
profiles of relative humidity, ue, and DCAPE were
created for each flight for all dropwindsondes with cor-
responding IR brightness temperatures less than2358C
and for those with an IR brightness temperature greater
FIG. 11. MTSAT IR brightness temperature (8C, shading) valid at 2345 UTC 27 Aug. The WC-130J flight track (black line), P-3 flight
track (red line), and dropwindsonde deployment locations (white circles) are shown with wind barbs corresponding to 1500-m height (1
full barb5 10 kt) for IOP-2 (0225W and 0325W). Red-filled dropwindsonde locations near 1518Ewere used in the vertical cross section in
Fig. 16, and the red-filled star denotes the dropwindsonde deployed at 0046UTC. The bold black line near 151.88E denotes the location of
the cross section in Fig. 14. The black dashed portion of the WC-130J flight track corresponds to the locations where SFMR rain rate and
IR brightness temperature data were analyzed in Fig. 17.
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than 2358C, which allowed for a comparison of the
thermodynamic conditions of the convective and non-
convective environments, respectively.
The average profiles reveal low-level relative humid-
ity (Fig. 19a) was quite high (.80%) throughout all
IOPs in both the convective and nonconvective envi-
ronments. However, mid- and upper-level relative hu-
midity in the nonconvective environment decreased
during IOP-2 (0325W) before increasing during IOP-3
(0525W). Similar trends existed in the mid- and upper-
tropospheric ue (Fig. 19b). Low-ue air observed during
IOP-2 resulted from the TUTT cell to the north being in
close proximity to TCS025 (see Figs. 4b and 16). The
largest values of DCAPE in the nonconvective envi-
ronment also existed during IOP-2 (Fig. 19c).
Therefore, a potential for strong downdrafts existed if
dry environmental air associated with the TUTT mixed
into the convective environment. By IOP-3, the TUTT
cell had weakened considerably and had moved a sig-
nificant distance away from TCS025 (see Fig. 5b), which
lessened its thermodynamic impact on TCS025. In ad-
dition, the midlevel circulation (and region of higher-ue
air) became increasingly elongated in the north–south
direction leading up to IOP-3 (see Fig. 20f). Low-ue air
FIG. 12. Storm-relative WC-130J (0325W: 2103 UTC 27 Aug–0407 UTC 28 Aug) and P-3 (0225W:
0130 UTC 28 Aug–0520 UTC 28 Aug) flight tracks for IOP-2 in TCS025. Small black dots denote
dropwindsonde locations and wind barbs correspond to heights shown in legend (1 full barb 5 10 kt).
Colored circles with black outlines connected with the dashed black line mark dropwindsonde-derived
circulation center locations at heights listed in the inset. Solid colored circles connected by a solid black
line mark the circulation center locations at heights listed in the inset obtained from the SAMURAI
streamline analysis.
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FIG. 13. Storm-relative wind speed (kt, shading) and vectors (m s21) at (a) 5 and (b) 1.5 km from the
5-km SAMURAI analysis valid at 0000 UTC 28 Aug. TheWC-130J track for flight 0325W is in red and
the P-3 track for flight 0225W is in blue. Black wind barbs (1 full barb 5 10 kt) correspond to drop-
windsonde winds corrected for storm motion. Solid black line denotes location of the cross section in
Fig. 14. The 28 3 28 black and red boxes are centered on the circulation center positions at 1.5 (black
dot) and 5 km (red dot), respectively, and are used in the mesoscale vertical wind shear calculations in
Fig. 7 and discussed in text.
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FIG. 14. South–north-oriented vertical cross section of relative vorticity (1025 s21, shading), divergence
(1025 s21, black contours at 4.03 1025 s21 intervals with negative values dashed), ue (K, blue contours for
ue# 340K), and wind vectors in the plane of the cross section (m s
21) constructed from (a) the ECMWF
background field and (b) the SAMURAI analysis with 5-km grid spacing valid at 0000 UTC 28 Aug. The
location of the cross section corresponds to the solid black lines shown in Figs. 4, 11, 13, and 15. The thick
vertical black lines immediately below the abscissa in (b) correspond to the southern and northern extent
of ELDORA Doppler radar at the longitude of the cross section (see Fig. 15).
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was still present to the west and southeast of the mid-
level circulation, but the flight tracks of the WC-130J
and P-3 remained almost exclusively within this higher-ue
air (not shown), which may partially account for the
rebound in thermodynamic conditions observed during
IOP-3.
Profiles of average temperature anomalies (Fig. 19d)
from dropwindsondes deployed within 250 km of the
circulation center reveal that the lower-tropospheric
near-surface layer was ;0.5K colder relative to the
dropwindsonde mean, and the middle and upper levels
were generally warmer. During IOP-2 (missions 0225W
and 0325W), the inner-core environment was colder
than during IOP-1 or IOP-3. Similar to the relative hu-
midity, ue, and DCAPE profiles, this is believed to have
been due to the thermodynamic influence of the TUTT
cell to the north.
The evolution of midlevel ue based on the ECMWF
analysis prior to and extending past IOP-2 reveals low-ue
air to the north of the broad midlevel circulation at
1200 UTC 27 August (Fig. 20a). The lowest-ue air was
near 23.58N, 1568E and a trajectory analysis (not shown)
reveals it was associated with the upper-level TUTT cell.
By 0000UTC 28August (Fig. 20c), low-ue air hadmoved
westward to become positioned north of the strength-
ening midlevel circulation. The low-ue air was being
advected southward along the western side of the mid-
level circulation (Figs. 20c–e). By 1200 UTC 28 August
(Fig. 20e), low-ue air (;335K) had reached 188N near
1518E while the lowest-ue air associated with the TUTT
cell continued tomove farther to the northwest (Fig. 20f).
Although the system-relative winds at 500hPa (Fig. 20)
do not clearly indicate a direct pathway for low-ue air to
enter the inner core of TCS025, the negative normalized
Okubo–Weiss values in the low- and midlevels (Fig. 7b)
indicates there was large horizontal shearing deformation
surrounding the circulation, and suggests TCS025
lacked a quasi-closed circulation (see Tory et al. 2013).
As a result, the circulation was more susceptible to the
entrainment of low-ue air to the west of the circulation
following 0600 UTC 28 August (Figs. 20d–f), and to the
southeast of the circulation following 1200 UTC 28
August (Figs. 20e,f). The presence of low-ue air in the
inner core is also suggested by the large negative low-
level temperature anomalies observed from average
dropwindsonde profiles of the inner-core environment
during IOP-2 (Fig. 19d).
Near the end of IOP-2, deep convection associated
with MCS-G was beginning to weaken, which is in-
dicated by the broad areas of weak reflectivity in Fig. 15.
This time corresponded to the waning stages of the di-
urnal convective cycle (see dashed lines in Fig. 9).
FIG. 15. ELDORA reflectivity (dBZ, shading) at 5-km height from the P-3 flight 0225W early on 28 Aug. The white horizontal wind
vectors (m s21, with 15m s21 reference vector indicated at bottom right) correspond to the wind field at 5-km height derived using the
SAMURAI analysis technique with 2-km grid spacing. TheWC-130J track for flight 0325W is in red and the P-3 track for flight 0225W is in
blue. The black wind barbs correspond to dropwindsonde winds corrected for storm motion (1 full barb5 10 kt). The solid vertical black
line denotes the location of the cross section in Fig. 14.
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Although convection was present during the third IOP
on 29 August, it appeared less organized than during the
second IOP, and less intense based on average IR
brightness temperatures (Fig. 9). In fact, there was a
notable decline in convection after 0000 UTC 28August
in this region, and convection did not organize until the
system had moved a considerable distance north (see
Fig. 6a). This suggests that the low-ue air associated with
the TUTT to the north of TCS025 led to a reduction in
deep convection after this time.
5. Discussion and conclusions
The large-scale conditions conducive to tropical storm
formation have been known for some time: high SST
(.26.58C), abundant low- and midlevel moisture, con-
vective instability, small vertical wind shear, and in-
creased low-level relative vorticity (Gray 1975). In
general, these conditions were present for TCS025; SSTs
were greater than 298C (not shown), and although the
vertical wind shear magnitude was considerable at times
(;15kt), there were periods when it was much lower.
Therefore, a careful examination of the mesoscale
structure and interactions with the surrounding envi-
ronment is necessary to explain possible reasons for the
nondevelopment of TCS025.
Vertical misalignment of the circulation caused the
low- to midtropospheric vertical wind shear (system-
relative flow) to be larger in magnitude relative to a
well-aligned circulation. Based on IR brightness tem-
peratures, convection was relatively weak for TCS025,
especially considering that the coldest cloud tops are
generally found in the western North Pacific (Liu et al.
2007). Deep convection that did form developed away
from the circulation and tended to move southward (i.e.,
downshear) away from the low-level circulation. Given
the appreciable misalignment of the circulation and the
relatively weak and asymmetric tangential wind field, it
appears that the convective activity associated with
TCS025 was insufficient to promote vortex alignment as
FIG. 16. South–north vertical cross section of ue (K) constructed using dropwindsonde data (red-filled circles in
Fig. 11) collected during the secondWC-130J flight (0325W). Wind barbs depict the dropwindsonde horizontal wind
(1 full barb5 10 kt) and have been oriented tomatch the cross section such that wind barbs pointing from right to left
correspond with northerly winds.
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proposed by Davis and Ahijevych (2012), or further
development while in the presence of negative envi-
ronmental influences (i.e., vertical wind shear and low-ue
air). Horizontal shearing deformation was also quite
large in magnitude throughout the evolution of TCS025,
and Raymond et al. (2011) concluded that it was an
important factor in the nondevelopment of TCS025.
This likely prevented further organization of convection
and kept vorticity from consolidating. Large horizontal
flow deformation in the low- and midtroposphere
indicates a deep recirculation region was not present for
TCS025 (Tory et al. 2013), which also increased the
likelihood that low-ue air in the surrounding environ-
ment was entrained into the system.
The TCS025 environment did not follow the steady
progression of drying in the midlevels typical of the
nondeveloping system examined by Smith and
Montgomery (2012) and Davis and Ahijevych (2012).
There was essentially no difference in midlevel ue be-
tween IOP-1 and IOP-3, and low-level ue was actually
highest during IOP-3, although sampling coverage may
have been partly responsible for this. The large-scale
environment of TCS025 was modulated by TUTT cells
that moved westward to the north of TCS025. A tra-
jectory analysis (not shown) indicates that the majority
of the midlevel low-ue air to the north of TCS025 during
IOP-2 originated from the TUTT cell that was originally
to the east of TCS025. According to Komaromi (2013),
the impact of midlevel low-ue air on storm development
may be greater than low-ue air in the lower troposphere.
Therefore, although vertical wind shear weakened when
the TUTT cell was north of TCS025, the presence of
low-ue air in the surrounding environment appears to
have offset the positive impact of reduced vertical wind
shear. The average midtropospheric ue in both the
convective and nonconvective environments was lowest
during IOP-2, and given the large horizontal shearing
deformation, some entrainment was likely. This in-
creased the negative impact potential of downdrafts
(i.e., increased DCAPE). Consistent with this assump-
tion, Park and Elsberry (2013) concluded that evapo-
rative cooling and strong downdrafts counteracted
low-level spinup for TCS025 based upon an examina-
tion of latent heating and cooling rates retrieved from
ELDORA radar during IOP-3.
Molinari et al. (2013) hypothesized that repeated lulls
in convective activity for Tropical Storm (TS) Edouard
(2002) were a result of vertical wind shear–induced
ventilation that caused low-ue air to be transported
into the boundary layer via downdrafts. It is hypothe-
sized that similar processes occurred for TCS025; strong
downdrafts depleted boundary layer ue in precipitation
regions, which subsequently reduced convective in-
tensity. Alternatively, it is possible that dry air entrain-
ment also weakened updraft intensity and limited the
vorticity amplification process as proposed by Smith and
Montgomery (2012). A convective lull occurred after
MCS-G dissipated; deep convection was relatively ab-
sent at the convective maximum time late on 28 August,
and the next episode of deep convection did not form
until the system had moved a considerable distance to
the north. Thus, when vertical wind shear was beginning
to weaken on 28 August, thermodynamic conditions
became less favorable such that the convective intensity
diminished, and this limited further development.
Raymond et al. (2011) examined the nondevelopment
of TCS025 along with several other developing and
nondeveloping systems. They found positive low- and
midlevel vorticity tendencies during IOP-2 and IOP-3,
which are in basic agreement with similar calculations
from the SAMURAI analyses in this study (not shown),
and they concluded that TCS025 transitioned to a
‘‘bottom-heavy’’ mass flux profile by IOP-3. Despite
these positive indicators and a broader environment
considered generally favorable for formation, TCS025
failed to develop.
However, as Gjorgjievska and Raymond (2014) point
out, a vorticity tendency analysis only provides a snap-
shot, and may not represent the longer-term evolution
of a system. In fact, for several cases analyzed by
FIG. 17. SFMR rain rate (mmh21, blue line and left ordinate)
and MTSAT IR brightness temperatures (8C, red line and right
ordinate) interpolated spatially and temporally to the flight track
during the secondWC-130J flight (0325W) from 0000 to 0200 UTC
28 Aug. Abscissa axis top labels correspond to UTC time. The
black dashed line in Fig. 11 denotes the location along the flight
track corresponding to this time interval. The black circle along the
abscissa indicates the time of the 0046 UTC dropwindsonde in
Fig. 16.
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FIG. 18.MTSAT IRbrightness temperature (8C, shading) valid at 2345UTC 28Augwith flight tracks for theWC-
130J (black line) and P-3 (red line), dropwindsonde deployment locations (white circles), and horizontal drop-
windsonde winds at 1.5-km height (1 full barb5 10 kt) for IOP-3 (0425W and 0525W) in the ground-relative frame.
(b) As in (a), but for storm-relative wind speed (kt, shading) and vectors (m s21) at 1.5-km height from the 5-km
SAMURAI analysis valid at 0000 UTC 29 Aug. Flight tracks, dropwindsonde deployment locations, and drop-
windsonde winds have been adjusted for storm motion in (b).
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Raymond et al. (2011) and Gjorgjievska and Raymond
(2014) that were observed over multiple days (including
TCS025), the calculated vorticity tendency was opposite
in sign to the observed trend. Gjorgjievska and
Raymond (2014) also point out that a mass flux analysis
may be even more sensitive to sampling biases since
calculation of the average vertical velocity profile relies
on shorter time scales and smaller horizontal scales of
motion. For instance, our analysis of average dropwind-
sonde temperature anomaly profiles did not indicate a
clear trend of increasing stabilization that might be ex-
pected based on the bottom-heavymass flux profile found
by Raymond et al. (2011) during IOP-3. Therefore, de-
pending on the area sampled and the current phase of
convection at the time of the observations (aircraft mis-
sions in TCS025 were generally conducted after the
FIG. 19. Vertical profiles of (a) relative humidity (%), (b) ue (K), and (c) DCAPE (J kg
21) averaged for dropwindsondes for which the
MTSAT IR brightness temperatures interpolated to the dropwindsonde time and location were ,2358C (solid lines) and .2358C
(dashed lines) duringWC-130J aircraft missions shown in the inset. The averageMTSAT IR brightness temperatures of dropwindsondes
used to compute each average are shown in the inset. (d) Vertical profiles of temperature anomaly (K) from dropwindsondes averaged
within 250 km of the analyzed ECMWF 850-hPa circulation center during aircraft missions shown in the inset. Each mean profile used to
compute the average temperature anomaly was constructed from all dropwindsondes from each flight. The number of dropwindsondes
used to compute each average is shown in the inset of each figure.
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FIG. 20. (a)–(f) Equivalent potential temperature (K, shading), geopotential height (m, contours), and
storm-relative wind vectors [m s21, with 10m s21 reference vector indicated at bottom right in (d)] at
500 hPa from the ECMWF analysis at times annotated in each panel.
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convective diurnal maximum time), a vorticity budget or
mass flux analysis might represent a short-term fluctua-
tion in intensity or not be representative of the systemas a
whole, which could lead to an incorrect assessment re-
garding the potential for storm formation.
The findings from this study suggest that convection as-
sociated with the TCS025 disturbance was not of sufficient
intensity and was displaced too far from the circulation
center to reduce the appreciable vortex misalignment of
TCS025. The system-relative flow was larger due to the
misalignment and large horizontal flow deformation sug-
gests TCS025 lacked a quasi-closed recirculation region
throughout its evolution. This likely allowed dry, cool,
midlevel air originating from theTUTTcell to be entrained
by convection near the circulation before being transported
into the boundary layer through convective downdrafts,
which acted to suppress subsequent convection. Had deep
moist convection continued to occur near the midlevel
circulation center, vortex realignment or the development
of a new low-level circulation below the midlevel vortex
(Davis and Ahijevych 2012) might have occurred. A co-
herent vertical vortex structure (i.e., a deep pouch) would
have helped to limit the impacts of the midlevel low-ue air
on 28August, while at the same timeproviding a protective
enclosure thatwould allow for amore efficient system-scale
response to diabatic heating (Vigh and Schubert 2009) and
development of a warm core.
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